In future cellular networks, performance target includes not only increasing data rate, but also reducing latency. The current LTE-Advanced systems require four message exchanges in the random access and uplink transmission procedure, thus inducing high latency. In this paper, we propose a 2-way random access scheme which effectively reduces the latency. The proposed 2-way random access requires only two messages to complete the procedure at the cost of increased number of preambles. We study how to generate such preambles and how to utilize them. According to extensive simulation results, the proposed random access scheme significantly outperforms conventional schemes by reducing latency by up to 43%. We also demonstrate that computational complexity slightly increases in the proposed scheme, while network load is reduced more than a half compared to the conventional schemes.
I. INTRODUCTION
From 1G to 4G Long Term Evolution-Advanced (LTE-A), major goal of cellular systems was to achieve the throughput improvement over the previous generation. However, the goals of the fifth generation (5G) are diverse and way different from the previous generations since the goals include the reduction of latency and error rate, support of massive devices, along with the enhancement of broadband services. In accordance with these trends, ITU has classified 5G services into use cases, namely, Enhanced Mobile Broadband (eMBB), Massive Machine Type Communication (mMTC), and Ultra Reliable and Low Latency Communication (URLLC) [1] . While the primary purpose of the eMBB is to improve data rate, the main goals of the mMTC and URLLC are to enhance the connection density and the latency/reliability, respectively.
Among three categories, satisfying the URLLC requirement is perhaps most challenging since it is very difficult The associate editor coordinating the review of this manuscript and approving it for publication was Adnan Shahid . to meet the low latency and high reliability requirements at the same time. In fact, many of URLLC applications such as remote surgery, autonomous driving, and smart factory [2] - [5] , tight end-to-end latency and also stringent reliability requirements should be guaranteed simultaneously.
Due to the relentless increase in the number and types of things (e.g., machine, sensor, robot, drone, car), the uplink traffic is expected to increase rapidly, resulting in increased uplink/downlink ratio [6] . In these URLLC applications we mentioned, uplink transmission is becoming more important. Accordingly, the uplink latency as well as the downlink latency should be minimized to meet the stringent latency requirement.
Furthermore, small cells and Ultra Dense Networks (UDNs) are becoming more and more popular as a promising solution to support huge data traffic in 5G [7] - [9] and various applications including URLLC use cases are expected to be served through small cell evolved Node B (eNB). Therefore, it is of importance to come up with a low latency protocol supporting URLLC use cases in small cell networks. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Before we proceed, we briefly discuss the latency issue in LTE-A. In the LTE-A standard, two types of latency, i.e., control plane latency and user plane latency, are defined [10] (see Fig. 1 ). The control plane latency, caused by the random access to set up an RRC connection, is the time required for User Equipment (UE) to transit state from RRC_IDLE to RRC_CONNECTED. 1 Whereas, the user plane latency, one-way transmission time from UE to eNB or vice versa, is due to the data transmission. While the downlink user plane latency occurs due to the scheduling and transmission latency, the uplink user plane latency, a.k.a. the uplink transmission latency, occurs due to the scheduling request as well as the scheduling and transmission delays. Note that the downlink data can be transmitted right after the scheduling but such process is not possible for the uplink data. This is because the resource management is conducted by eNB so that UE should request uplink resources to eNB for the uplink data transmission. For these reasons, uplink transmission latency is generally much larger than the downlink latency. Clearly, reduction of both uplink transmission latency and control plane latency is crucial for the success of URLLC services. In LTE-A systems, Round Trip Time (RTT) for the data transmission is typically over 25 ms [12] , [13] , which apparently does not meet the latency requirement for URLLC services.
We note that the reduction of core latency (the latency between eNB and core network) is also an important issue but we do not consider it in this work since the primary purpose of this work is to propose a new random access scheme reducing the control plane latency as well as the uplink transmission latency.
An aim of this paper is to propose a 2-way handshakebased random access employing the information-contained preamble. In our work, we primarily consider the small cell scenario with sporadic traffic. Our major contributions are summarized as follows: 1 RRC stands for Radio Resource Control. There are two RRC states, namely, RRC_IDLE and RRC_CONNECTED. Data transmission or other message exchange can occur only in RRC_CONNECTED state, so that UE should establish an RRC connection to become active [11] .
• We propose a 2-way handshake-based random access scheme replacing the conventional 4-way random access and the uplink transmission procedure.
• We propose a new preamble structure supporting the proposed random access scheme that conveys specific information for UE.
• Using NS-3 system-level simulations [14] , we show that the proposed 2-way random access scheme achieves significant reduction (up to 43%) in the control plane latency and uplink transmission latency over the conventional random access. We further verify the effectiveness of the proposed scheme for various burst sizes and numbers of UEs.
• We analyze the computational complexity of the proposed scheme and show that the proposed scheme has slightly higher computational burden than that of the conventional schemes, yet achieves significant network load reduction (i.e., over 50%).
The rest of the paper is organized as follows. We summarize related work in Section II. We discuss the conventional LTE-A random access procedure and uplink transmission procedure with emphasis on the latency issue in Section III. In Section IV, we present the proposed 2-way random access scheme and then we describe how to generate the proposed random access preambles in Section V. We evaluate the proposed scheme in various environments in Section VI. Finally, we conclude the paper in Section VII.
II. RELATED WORK
In [15] , Laya et al. addressed the need to revisit design of random access for the next generation cellular systems. They argued that the current random access mechanism would not be suitable for supporting a large number of devices (e.g., mMTC scenario in 5G), and hence, cannot satisfy the latency requirement of mission-critical applications.
In recent years, several studies to reduce the latency of the random access have been proposed. As specified in the 3GPP [16] , Access Class Barring (ACB) controls the random access probability in LTE-A. Depending on the latency requirement, several access classes are defined. eNB applies different access probability (i.e., barring factor) to different access classes, and UE performs the random access based on its barring factor. If UE does not perform the random access, UE performs the backoff procedure using barring time. Furthermore, Extended Access Barring (EAB) is introduced to increase the success probability by preventing certain access classes from attempting random access. In addition to different access classes, EAB categories are used to further distinguish UE types, e.g., smartphones or machine type devices. Network latency (time to complete the random access for all UEs) can be reduced by increasing the success probability in both ACB and EAB. However, both ACB and EAB do not directly reduce the random access latency, which is the required time for a single random access. This is because both ACB and EAB focus on reducing the random access failure rather than reducing the random access latency itself.
Zhou et al. proposed a random access scheme with Transmission Time Interval (TTI) bundling [17] . While ACB increases the success probability by controlling the number of attempts for the random access, TTI bundling scheme enhances the success probability for a given number of attempts. In essence, key idea behind this scheme is to transmit multiple preambles to enhance the success probability of the random access. To be specific, a UE sends randomly selected preambles in consecutive subframes to perform the random access. If one of these preambles is received by the eNB, the random access is finished. This scheme reduces the network latency as a result of the improved success probability. However, similar to ACB and EAB, it does not directly reduce the latency caused by the random access.
Recently, a low latency random access schemes have been proposed. In [18] , a 2-step random access scheme, which is completed by exchanging two messages, has been proposed. However, how to enable this scheme is not explained in this work. Furthermore, this scheme is very sensitive to the collisions.
A reduction of the uplink transmission latency is another important issue. A major latency component in the uplink transmission is the latency in the scheduling process. One simple approach to reduce the uplink transmission latency is to eliminate the scheduling process. For example, a contention-based uplink transmission using a prescheduling has been proposed to reduce uplink transmission latency [19] . In [20] , 3GPP developed Early Data Transmission (EDT) mechanism to support infrequent small data packet transmission for Narrow Band Internet of Things (NB-IoT) and LTE Machine Type Communication (LTE-M). EDT mechanism enables the uplink data transmission in the third message during the random access procedure. Note that the random access procedure consists of four message exchanges (see the detailed explanation in Section III-A). A drawback of these schemes is that a reliable transmission is not guaranteed due to collisions.
Au et al. proposed a pre-scheduling uplink transmission scheme, called Sparse Code Multiple Access (SCMA), to mitigate collision events [21] . In our previous work, we also proposed pre-scheduling transmission schemes [22] , [23] . In these schemes, uplink resources are allocated when the RRC connection is established and the uplink resources are pre-scheduled based on its own algorithm. In [24] , pre-scheduling protocol has been proposed in Large-Scale Antenna Systems (LSAS). Theses schemes focus on the reduction of the uplink latency and effectively reduce uplink latency by using pre-scheduled uplink resources. However, the most important assumption of these schemes is that all UEs are in the RRC_CONNECTED state to maintain the uplink synchronization. Thus, a potential drawback of these schemes is that the uplink synchronization should be guaranteed to maintain the RRC connection. This is not suitable for a situation in which the UE transits the RRC state depending on the presence or absence of traffic. In contrast to theses schemes, our proposed scheme directly reduces uplink transmission latency even if uplink synchronization is lost.
III. RANDOM ACCESS AND UPLINK TRANSMISSION PROCEDURE IN LTE-A
In this section, we discuss the random access and uplink transmission in LTE-A systems and then analyze the latency problem of the conventional procedures. Through a concrete investigation, we emphasize the necessity of 2-way handshake-based random access as an effective way to reduce latency.
A. RANDOM ACCESS IN LTE-A
The main purposes of the random access are to establish the RRC connection and to maintain the uplink synchronization. Note that the RRC connection should be maintained to transmit data. In LTE-A, two types of random access procedures are defined, i.e., contention-based random access and contention-free random access. Fig. 2 (a) depicts the contention-based random access procedure in LTE-A [25] . Four message exchanges are required to complete the random access: 1) Preamble transmission: Among 64 different preambles, UE randomly selects one and then sends the selected one to the eNB. This preamble is transmitted through Physical Random Access Channel (PRACH). The preamble is transmitted in a pre-defined subframe determined by the eNB. Since each UE randomly selects its own preamble, multiple UEs can send the same preamble simultaneously. The simultaneous transmission of the same preamble from multiple UEs is called collision. Even though the eNB might successfully detect the preamble, the eNB cannot differentiate the collission-expriencing UEs by receiving a single preamble.
1) CONTENTION-BASED RANDOM ACCESS
2) Random Access Response (RAR): After receiving a preamble successfully, the eNB sends a Random Access Response (RAR) message to grant resources for the third message to the UE(s). RAR messages contain the preamble identifier (ID), Timing Advancement (TA) command used for the uplink time synchronization, and uplink resources for the third message. If the UE finds its preamble ID in the received RAR, then the UE prepares the third message. Otherwise, the UE declares the failure of the random access and retries the random access after the backoff process. 3) L2/L3 message transmission: After receiving an RAR message containing its preamble ID, the UE transmits an L2/L3 message (e.g., RRC connection request) with its 48-bit long contention resolution ID using the uplink resources allocated through the RAR. Note that the UE determines the contents of the L2/L3 message depending on the purpose of the random access. If a collision happens at the first message transmission (i.e., preamble transmission), then the collided UEs can transmit the L2/L3 message, i.e., the third message, using the same resource. 2 In this case, the eNB apparently cannot successfully decode the third message. 4) Contention resolution: If the eNB receives the third message successfully, then it transmits the fourth message including the 48-bit long contention resolution ID received from the UE. If the UE receives the fourth message successfully with the UE's contention resolution ID, then the UE completes its random access procedure. However, if the UE fails to find its ID in the fourth message, then the UE should restart the random access procedure after a backoff, which takes around 10 ms.
2) CONTENTION-FREE RANDOM ACCESS
When a UE maintains the RRC connection, the eNB can realize the existence of the UE. If the eNB determines that the UE should perform the random access, the eNB assigns a specific preamble to the UE. In contrast to the contentionbased random access, the eNB initiates the random access in the contention-free random access. Due to the use of the assigned preamble, collision can be completely avoided so that this procedure is completed by exchanging two messages (i.e., preamble and RAR). Note that the preamble for the contention-free random access cannot be used for the contention-based random access. This is because a part of preambles is reserved only for contention-free random access.
B. UPLINK TRANSMISSION PROCEDURE
When the RRC connection is established or maintained, UE can transmit data. Otherwise, UE should establish the RRC connection before the data transmission. In the uplink transmission, the most important message is Buffer Status Report (BSR) message. 3 [19] . An uplink transmission procedure initiated by SR is depicted in Fig. 2 
1) Scheduling Request (SR): SR is one-bit information indicating whether the UE has data in its buffer or not. If UE has an uplink data to transmit, the UE transmits an SR (via PUCCH) to its eNB. 2) Uplink Grant: After receiving the SR, the eNB grants PUSCH resources to the UE. Since the resource allocation is an implementation issue, eNB might grant a small amount of resources for the efficient resource utilization.
3) BSR transmission:
The UE transmits a BSR message using the granted resources after successfully decoding uplink grant message. 4) Scheduling: After receiving the BSR, the eNB can efficiently allocate the PUSCH resources to the UE for the uplink data transmission. Case C: Even if the PUCCH resources are not allocated to UE, UE can send the scheduling request through a random access procedure. In this case, UE transmits a random access preamble instead of SR. After receiving a RAR successfully, a BSR message is transmitted as the third message in Fig. 2 (a).
C. LATENCY ISSUE IN LTE-A
In this subsection, we discuss the rationale behind four message exchanges in LTE-A systems.
First, exchanging four messages is required when the UE switches from RRC_IDLE state to RRC_CONNECTED state. This is because eNB cannot identify how many UEs transmit the same preamble only by decoding the preamble (recall our discussion in Section III-A). Moreover, it is not possible to identify which UE transmits a preamble due to the role of random ID. To resolve this issue, contention resolution steps (the third and fourth messages) are required. After the contention resolution, eNB guarantees the completion of random access procedure for a single UE. In summary, exchanging four messages is unavoidable in the current random access process, so that it is very difficult to reduce the latency by a small makeshift of the current process.
Second, exchanging four messages is required to transmit uplink data, which also incurs large latency. eNB cannot identify UE's buffer status based on the received SR. Therefore, eNB might grant a small amount of PUSCH resources to transmit a BSR to the UE. After receiving the BSR, eNB can allocate accurate amount of resources. Moreover, when the uplink transmission is initiated from the random access, latency issue will be severe due to the contention-based random access.
One can deduce from this discussion that the reduction of the number of message exchanges would be a viable option to reduce the latency. In fact, the key feature of the proposed method is the 2-way handshake-based random access scheme, which simplifies the complicated message exchange process in LTE-A, thereby achieving significant latency reduction.
IV. PROPOSED RANDOM ACCESS
If we generate a single message containing both the first and the third messages in Fig. 2 , we can complete both random access and uplink transmission procedure by exchanging only two messages. In the conventional random access, eNB converts the physical random access preamble to the random access preamble ID when eNB transmits a RAR message. For example, 64 different preambles are mapped to 6-bit preamble IDs, i.e., bit index from ''000000'' to ''111111.'' 4 Key idea of the proposed random access scheme is to add additional bits to the preamble to simplify the message exchange process. In the following subsections, we describe details of the proposed scheme.
A. KEY IDEA Fig. 3 depicts the main idea of the proposed random access preamble. The proposed preamble consists of two parts, namely, information part and identifier (ID) part. Key feature of the proposed preamble is to include both the identifier and information. This is in contrast to the conventional random access where the preamble contains a random identifier chosen from the predetermined set of preambles. In a nutshell, the proposed preamble contains the information in the third message of the conventional scheme to reduce the message exchanges. To prepare a proper response containing the second and the fourth messages in the conventional procedure, information bit should represent all the possible information of the third message. Therefore, we need to categorize the preamble depending on which information is contained. We will discuss this in detail in the next subsection.
In order to utilize the information of UE based on the received preamble, the eNB has to make sure that the preamble is transmitted only by a single UE. This means that information part becomes useful only when the bit index for ID part is selected by a single UE. To resolve this problem, ID part should be uniquely dedicated to each UE. Once the UE performs the random access for the initial access, the eNB allocates ID part to the UE. After the ID part allocation, the UE selects the preamble among the pre-allocated preamble set based on the UE's information. For example, if ''00100100'' is the allocated ID part of a UE, the allocated preamble set consists of the preambles with the eight least significant bits of ''00100100'', i.e., from ''000000100100'' to ''111100100100'' assuming four-bit information part. In Fig. 3 , information part is ''1001,'' so that the preamble bit index is ''100100100100.''
B. PROPOSED PREAMBLE AND CATEGORIZATION
In the conventional procedure, the third message conveys different set of information for the different purpose of random access. Therefore, we categorize the proposed preamble depending on the purpose of random access.
In order to deliver information part, 6-bit preambles used for the conventional random access are not enough. Note that if three out of six bits are used as information part, only eight UEs can be identified using the remaining three bits. In order to serve a proper number of UEs and at the same time deliver information of UE, we propose a new preamble structure using larger number of bits than the conventional random access preamble. Depending on the target number of UEs in a cell, the number of preambles can be adjusted adaptively.
Without loss of generality, we assume that 12-bit preamble is used (see Fig. 3 ). By increasing the preamble size, we can indicate specific information in certain bit index. In the conventional random access, major information in the third message is the control element which depends on the purpose of random access. Buffer status of UE is an important information for the uplink transmission since the uplink resource is allocated by eNB based on the reported buffer status of UE. Considering these, we design the proposed preamble such that it contains two types of information: the purpose of random access and buffer status of UE. Before VOLUME 7, 2019 explaining the proposed preamble categorization, we briefly discuss when UE performs the random access in LTE-A.
1) PURPOSE OF THE RANDOM ACCESS
The random access is performed for the following events [25] .
(a) Initial access (b) RRC connection re-establishment procedure (c) Handover (d) Downlink data arrival during RRC_CONNECTED when uplink synchronization is lost (e) Uplink data arrival during RRC_CONNECTED when uplink synchronization is lost (f) For positioning purpose Since both eNB and UE can trigger the random access, there are basically two types of random access. First, eNB triggers the random access for the events (c), (d), and (f). These events employ the contention-free random access. One reason that the eNB triggers the random access is to control the uplink timing advancement for these events. In event (c), another reason is to support UE with better quality of service (QoS) by performing handover to another eNB. In event (a), (b), and (e), UE triggers the contention-based random access. Both event (a) and (b) occur for the RRC connection request. Specifically, event (a) occurs when the UE initially accesses the cell. For example, when UE is turned on, UE performs the random access for the initial access. On the other hand, event (b) occurs when the current UE's RRC state is RRC_IDLE and UE completed its initial access once in the past. If UE has the uplink data to transmit when the uplink synchronization is lost, UE performs the random access to control the uplink timing and also to notify its buffer status to eNB.
2) PROPOSED PREAMBLE CATEGORIZATION
Covering all aforementioned events, we categorize the purposes of random access into four different cases.
(i) Initial access (ii) Random access triggered by eNB (iii) Random access triggered by UE (iv) Uplink data arrival
a: INFORMATION PART 1 -THE PURPOSE OF RANDOM ACCESS
Preambles can be allocated to UE only after the initial access, and hence, a certain number of preambles should be reserved for the initial access. In the proposed scheme, contentionbased random access is still performed for the initial access. Similarly, a certain number of preambles are reserved for case (ii). This case corresponds to events (c), (d), and (f), and eNB can further categorize the preambles according to the specific events. When the handover is performed, the serving eNB can transfer the information related to preambles which are used for handover purpose via X2 interface. By doing so, the target eNB can easily recognize the UE performing the handover. When the preambles used in case (iii) are detected at eNB, eNB recognizes the fact that UE triggers the random access for the event (b). We further differentiate the uplink data arrival case, i.e., case (iv), from case (iii) because UE should report its buffer status to eNB in case (iv), which corresponds to event (e). A detailed preamble categorization example with respect to information bit index is presented in Table 1 .
As shown in Table 1 , the purpose of random access is determined by the beginning part of the bit index. For example, if UE starts random access procedure for initial access, UE should select a preamble starting with bit index ''00.'' Since there are 1,024 different preambles for the initial access, collision probability can be reduced significantly compared to the conventional random access with 64 preambles.
b: INFORMATION PART 2 -BUFFER STATUS
If the UE performs the random access for uplink data arrival, the proposed preamble contains the current buffer status as well as the purpose of random access. Accordingly, eNB can efficiently allocate uplink resources based on the buffer status of UE.
3GPP defines 6-bit buffer status reporting values [26] . In the proposed scheme, we combine the conventional LTE-A buffer status to represent reduced bit information. The example to use the 3-bit buffer status is presented in Table 2 . If the received preamble indicates the uplink data arrival, then eNB identifies the UE's buffer status using the additional bits. Consequently, eNB can accurately allocate uplink resources to the UE. We note that the proposed scheme can also support a transition from RRC_INACTIVE state [27] 5 to RRC_CONNECTED state. The transition from RRC_INACTIVE state to RRC_CONNECTED state usually occurs when the downlink or uplink data arrives. For this reason, case (ii) and case (iv) include a transition from RRC_INACTIVE state to RRC_CONNECTED state.
c: SUMMARY
As shown in Fig. 4 , the proposed random access reduces the number of message exchanges. For the initial access, the proposed random access significantly reduces collision probability thanks to the increased number of preambles. After completing the initial access, the eNB allocates a set of unique preambles to the UE. At this point, the UE can perform the random access without collision due to uniquely assigned preambles. Whenever the UE performs the proposed random access, the UE selects the preamble from the set of assigned preambles. The UE combines information bits based on the purpose of random access with assigned preamble. Buffer status of the UE is further included if the purpose of random access is uplink data arrival. Then, eNB can transmit the proper RAR based on the acquired information, which includes both the second and the fourth messages in the conventional procedure. Therefore, the proposed random access can be completed by exchanging only two messages, which also can replace both the conventional random access and the uplink transmission procedure. Due to reduced number of message exchanges, the proposed random access can achieve the significant latency reduction.
V. PREAMBLE SEQUENCE ANALYSIS
In this section, we describe how to generate the preamble sequence of the the proposed scheme. We also describe how to detect the proposed preamble and provide the detection performance of the proposed preamble via simulation.
A. PREAMBLE SEQUENCE GENERATION IN LTE-A
In this section, we first describe the conventional random access preamble, and then describe the extended preambles for the proposed scheme. For the random access preamble, Zadoff-Chu (ZC) sequence is employed in LTE-A. ZC sequences have Constant Amplitude, and Zero Auto-Correlation (CAZAC) property. Furthermore, the cross correlation of two different ZC sequences is very low. 6 ZC sequence is defined in the 3GPP standards as follows [29] :
where N ZC is the sequence length, and u is the root sequence index. This sequence is also called u th root sequence. There are two approaches to generate orthogonal the sequences. The first method is to generate multiple root sequences by using multiple root sequence index. Note that the root sequence index is the cell-specific information, meaning that different root sequences are used in different cells. The second one is to generate a set of orthogonal sequences from a single root sequence by cyclic shifting as
where
The maximum value of v is N ZC /N CS − 1, so that N ZC /N CS − 1 orthogonal preambles are generated from a single root sequence. N CS is the minimum cyclic shifting value satisfying orthogonality when the receiver detects two sequences. Because of the time uncertainty of UEs, different N CS values are used depending on cell size. The number of different preambles generated from a single root sequence depends on the value of N CS which satisfies the following condition [30] .
where r is cell size (km), τ ds is the maximum delay spread (µs), T SEQ is sequence length in time domain (µs), and n g is the number of additional guard samples due to the receiver pulse shaping filter. Note that T SEQ is defined in the standard, and n g is generally assumed as 2.
Since eNB broadcasts root sequence index u and N CS based on its cell size, UE can generate 6-bit preambles by cyclic shifting from the given root sequence. If UE cannot generate 6-bit preambles from a single root sequence due to the large N CS , UE generates preambles from another root sequence until 6-bit preambles are generated. The number of preambles generated by a single root sequence is N r = N ZC /N CS . As a result, in order to generate 64 different preambles, we need 64/N r root sequences.
B. PROPOSED PREAMBLE SEQUENCE GENERATION
When we extend 6-bit preambles to 12-bit preambles, 4,096 distinct preambles should be generated. To increase the number of preambles, 1) a smaller value of N CS can be used, 7 and/or 2) an increased sequence length N ZC can be 6 Let N ZC be a prime number. If we create two ZC sequences and take the correlation of the two sequences, the result meets lower bound, which is 1/ √ N ZC [28] . 7 The smallest value of N CS defined in the standard is 13 used. Because the propagation delay is less than that in macro cell, a smaller value of N CS can be adopted in small cell environments. Consequently, a larger number of preambles can be generated from a single root sequence in the small cell environments. In order to increase the sequence length, more subcarriers are needed. There are two options to increase the number of subcarriers. The first option is to use more frequency resources and the second one is to reduce subcarrier spacing by extending the sequence length in time domain. Since our goal is to reduce the latency, the first one is preferred. Sequence length should be a prime number to satisfy low cross correlation property. In this work, we use both 1) and 2) to generate the proposed random access preambles.
Different root sequence indices are used to classify different cells, and hence, we have to consider the number of neighboring cells. Let M be the number of neighboring cells whose coverage are overlapping. Let λ cell (cells/km 2 ) be the cell density. If we assume that small cells are uniformly distributed, then M is approximately given by M ≈ π (2r) 2 λ cell (5) Note that small cells are highly overlapping and λ cell > 10 3 cells/km 2 in typical UDN scenario [31] , [32] . Since the eNB uses the different root sequence indices with its neighboring cells, N ar (the available number of root sequence indices) is given by
We have to increase the sequence length if the number of root sequence indices is not sufficient to generate 12-bit preambles in the whole cells. The proposed preamble sequence basically adopts smaller N CS value. Because the delay spreads of the small cell environment for the LOS and NLOS are 0.065 µs and 0.129 µs, respectively, we choose τ ds to cover both cases [33] . Depending on the cell size, the minimum value of N CS can be calculated from (4) as N CS = 6.99r + 0.14 + n g for N ZC = 839 = 14.16r + 0.27 + n g for N ZC = 1699 (7) Now, N r different preambles are generated from a single root sequence index and N r is constant even if we increase sequence length N ZC . This is because N CS is roughly proportional to N ZC for a given cell size. In order to generate 4,096 different preambles, N ZC is selected by the following equation.
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where N ZC should be a prime number satisfying (8) .
In PRACH, the sequence length in time domain is 800 µs, and hence, the frequency spacing for PRACH, denoted by f RA , is 1.25 kHz. Because we need N ZC subcarriers, N ZC · f RA (kHz) is required to generate the preamble sequences. If we align the order of Resource Blocks (RBs), F = N ZC · f RA /180 RBs are required in the proposed PRACH. 8 As a result, N ZC subcarriers are used for the sequence element transmission and the remaining subcarriers are used for guard subcarriers.
We set the parameter for the proposed preamble as following steps.
1) Find the minimum N CS based on given r and initial sequence length N ZC from (7) . 2) Validate (8) based on given initial N ZC , M and N CS . If not, find N ZC satisfying (8) based on given M and N CS . 3) Find the optimal N CS based on the procedure explained in Section V-C. 4) Validate whether N ZC and N CS satisfy (8) or not. If not, repeat from step 1) to step 4). As an example, we consider the conventional preamble design (N ZC = 839). We can obtain the minimum N CS = 3 from step 1). For a small cell with radius of 100 m, we have M = 125 and 6 in the UDN scenario (λ cell = 1000) and LTE small cell scenario (λ cell = 50), respectively [34] . For example, if M = 6, the conventional preamble design can support the proposed scheme in the LTE small cell scenario from step 2). However, when M = 125, we see that N ZC should be modified in the UDN scenario from step 2). After selecting N ZC , optimal N CS is determined from step 3). From step 4), the final values of N ZC and N CS are determined. From these discussions, we can conclude that the conventional preamble design can support the proposed scheme in LTE scenario. However, N ZC should be enlarged in UDN scenario.
C. PROPOSED PREAMBLE DETECTION
In this section, we evaluate the detection ratio of the proposed preamble in the small cell environments. When a receiver detects a preamble, the receiver can benefit from the CAZAC property by computing Power Delay Profile (PDP) through cyclic cross-correlation. The PDP of a received sequence at lag l is given by
where y(n) is the received sequence and x u (n) N ZC is a reference sequence with the length of N ZC , and (·) * denotes the complex conjugate. If PDP of the signal is larger than a detection threshold during searching window with the length of N CS , eNB detects a preamble and determines the value of N CS . By doing so, eNB coverts the physical sequence to a preamble ID, which represents the additional information as well as the UE-specific ID. We used the multi-user detection scheme in [35] .
In order to validate the proposed preamble transmission, we conduct a link-level simulation using MATLAB. UEs are uniformly distributed within a cell coverage in a single cell environment. Fig. 5 shows the detection ratio when the sequence length N ZC is set to be the same as the conventional LTE-A preamble (i.e., N ZC = 839). Fig. 5(a) presents the preamble detection ratio for a given cell coverage as a function of N CS in a small cell environment. As the cell coverage increases, the detection ratio decreases due to the effect of propagation delay. However, the detection ratio for N CS being smaller than 10 is acceptable in small cells.
Furthermore, we simulate in the worst interference situation to evaluate the preamble detection performance. There are two edge UEs, i.e., target edge UE and interfering edge UE, which communicate with target eNB and interfering eNB, respectively. Target edge UE transmits preamble to target eNB while interfering edge UE transmits preamble to interfering eNB. Target edge UE and interfering edge UE located at the same location use preambles generated from different root sequence indices. Both target eNB and interfering eNB are located at the same distance from the UEs on exactly opposite directions. Interfering edge UE interferes target eNB, and hence, target eNB detection performance might be degraded. Fig. 5(b) depicts the preamble detection ratio for target eNB when neighboring interference exists. The result shows that the preamble detection ratio slightly decreases for the same coverage and N CS value compared to Fig. 5(a) . This means that preamble detection is a bit affected by interfering preamble because different root sequence indices are used. However, we should select N CS satisfying preamble detection ratio being larger than the predefined threshold (e.g., 99% detection ratio) in the proposed scheme. We conclude that smaller N CS value than 13, which is the minimum value defined in the standard, can be adopted in order to generate 12-bit preambles in small cell networks.
We also validate the detection ratio for larger values of N ZC (i.e., N ZC = 1699) (see Fig. 5(c) and (d) ). The result shows that a large N CS is required to detect preambles compared to the case that N ZC is equal to 839. However, we verify that N r remains almost the same in such a case. To be specific, the number of preambles generated from a single root sequence index remains the same, but more root sequence indices are available.
Lastly, we further validate the detection performance when multiple UEs transmit the proposed preamble. Note that we consider 2-tier hexagonal topology and verify the performance of the central eNB with 1,000 times iterations. We consider four cases depending on how to select the root sequence as follows.
• All UEs generate preamble from a single root sequence. • UEs generate preamble from one of two root sequences with balanced ratio (i.e., 1:1 ratio).
• UEs generate preamble from one of two root sequences with unbalanced ratio (i.e., 3:7 ratio).
• All UEs generate preamble from different root sequences. As shown in Fig. 6 , the preamble detection performance is better than 99% by the proper choice of N CS . In this simulation, we set N ZC = 1699. The value of N CS satisfying detection ratio being larger than pre-defined threshold (i.e., 99%) is the same for 200 m coverage case and slightly increases for 500 m coverage case compared with the result of Fig. 5 . From this study, we can observe that smaller N CS values can be adopted to generate the proposed preamble in small cell networks.
We also validate the false alarm ratio in the same scenario. The result in Fig 7 shows that the preamble transmission with the multiple root sequence indices affects the uncorrelated noise which results in increasing the false alarm ratio. Still, we can select the proper value of N CS to achieve both high detection ratio and low false alarm ratio.
VI. PERFORMANCE EVALUATION
We conduct various simulations to evaluate the proposed random access scheme using MATLAB and NS-3. Because we validate the proposed preamble detection performance in the prior section, we assume that the preamble detection is perfect. The following four metrics are considered:
• We evaluate initial random access in order to confirm that the proposed random access achieves significant latency reduction.
• We evaluate the proposed random access in terms of end-to-end latency for uplink transmission with various settings (i.e., burst size, the number of UEs in a cell).
• We validate the network load when the number of simultaneously transmitting UEs varies.
• We compare the computational complexity of the proposed scheme and conventional schemes. In the NS-3 simulation environment, we have 19 eNBs with hexagonal topology [36] , and UEs are randomly placed in each cell. The detailed values related to NS-3 simulation are summarized in Table 3 . In order to develop realistic simulation environment, we adopt WINNER II channel model [37] . We evaluate the performance under the sporadic traffic rather than full-buffered traffic model [38] . Some parameters in the table, e.g., the number of UEs in each cell and burst size, vary in some simulation scenarios. Unless stated otherwise, the values in Table 3 are used.
A. NETWORK LATENCY Fig. 8 depicts the network latency with error bar 9 as a function of the number of UEs in a single cell environment. Network latency is the latency until all UEs complete their random access procedure. We observe that the proposed scheme achieves the lowest latency. Collision probability increases with the number of UEs, thus incurring significant latency increase in Conv. RA scheme.
Meanwhile, the proposed scheme significantly reduces collision probability because of the increased number of preambles, thus resulting in significant latency reduction. In 9 Error bar always represents the standard deviation in this paper. Conv. RA w/ bundling scheme, latency reduction comes from multiple random access attempts in contiguous subframes. However, collision is unavoidable as the number of UEs increases due to the small number of preambles. As a result, network latency performance is worse than the proposed scheme. Therefore, we conclude that the proposed scheme significantly outperforms comparison schemes in terms of latency.
B. ONE-WAY LATENCY Fig. 9 presents the empirical Cumulative Distribution Function (CDF) of one-way latency for the proposed scheme and the comparison schemes. The one-way latency is defined as the time interval from the point where a packet arrives at application layer of a source (UE) to the point where a destination (server) receives the packet. Average one-way latency of the proposed random access is about 10.43 ms. The proposed random access achieves up to 43.7% latency reduction compared to the comparison schemes. By taking advantage of UE-specific preambles containing UE's buffer status information, the number of message exchanges is reduced from four to two. Conv. SR scheme uses allocated control resources, i.e., PUCCH, so that collision never happens. However, exchanging four messages still incurs high latency. Conventional random access preamble can experience collision, and the random access procedure should be restarted. For this reason, both Conv. RA and Conv. RA w/ bundling schemes show the tail part in the figure. Conv. RA w/ bundling scheme reduces collision probability compared to Conv. RA, so that the tail part is lower than Conv. RA. However, one-way latency cannot be reduced due to the nature of the contentionbased random access. Fig. 10 shows the average latency as a function of burst size. If the burst size becomes large, the whole burst cannot be transmitted within 1 TTI due to the limited uplink resources. Thus, the average latency of all schemes increases with the burst size. The proposed scheme shows a slightly more rapid increase in the average latency according to the burst size. This is because the proposed scheme uses more RBs for PRACH, thus resulting in less available uplink resource. With the burst sizes of our interest, however, the proposed scheme significantly outperforms conventional schemes. 10 Three comparison schemes are considered for the evaluation, namely, Conventional Scheduling Request (Conv. SR), Conventional Random Access (Conv. RA), and Conventional Random Access with TTI bundling (Conv. RA w/ bundling) [17] .
We also evaluate the average latency when the number of UEs in each cell varies, which is depicted in Fig. 11 . The UEs transmit the fixed burst size (i.e., 1,000 bytes). The average latency increases with the number of UEs in all schemes. The probability that more UEs simultaneously transmit increases as the number of UEs in a cell increases. Consequently, assigned uplink resources to each UE decreases, so that the 10 If the burst size exceeds 360 KBytes (or 260 KBytes), the average latency of the proposed scheme becomes worse(larger) than that of conventional schemes when MCS 28 (or MCS 15) is used. Those burst sizes are unrealistic in our target environments for URLLC services. whole burst cannot be transmitted within a TTI. However, latency increment is relatively low compared with the result of Fig. 10 . This is because, with our simulation parameters, the average number of simultaneously transmitting UEs is slightly greater than one even if the number of UEs in a cell is 100. Thus, the average latency is less sensitive to the number of UEs in a cell compared with the burst size.
C. NETWORK LOAD Fig. 12 depicts network load according to the number of UEs in each cell. Network load refers to the number of message exchanges before transmitting data. In this figure, network load is averaged over the number of eNBs and error bar represents standard deviation. Note that the standard deviation is relatively small compared to the average value, so it is not visible in the figure. Compared with Conv. SR scheme and Conv. RA scheme, the number of message exchanges in the proposed scheme decreases by a half. The numbers of message exchanges are not significantly different between Conv. SR scheme and Conv. RA scheme. This is because both schemes require four message exchanges to transmit the data. In Conv. RA w/ bundling scheme, network load is generally larger than Conv. RA scheme because the preamble is transmitted multiple times over consecutive subframes to reduce collision. Combined with the results of VI-B, we conclude that the proposed scheme significantly reduces the network load as well as the average latency. Fig. 13 depicts the complexity 11 comparison of the proposed random access and the conventional random access. The lefthand side of the figure represents transmitter side (i.e., UE) and the righthand side represents receiver side (i.e., eNB).
D. COMPUTATIONAL COMPLEXITY
In random access preamble transmission, transmitter performs a Fast Fourier Transform (FFT), where the FFT size depends on preamble sequence length (e.g., FFT size is equal to 1,024 for conventional scheme). When the proposed preamble sequence is used, FFT size increases with an increased preamble length. Then, after mapping sequence elements to subcarriers, an Inverse FFT (IFFT) is performed. Note that the IFFT size is larger than 24,576 because we need 24, 576 (= 800 × 30.72) samples in order to generate 0.8 ms sequence with LTE sampling rate of 30.72 MHz. In fact, computational complexity increases in proportion to n log n when the FFT/IFFT size is equal to n [40] . Given that the IFFT size is over 10 times larger than the FFT size, the major complexity comes from the IFFT part. However, IFFT size is the same for both the proposed scheme and the conventional scheme, and hence, the computational complexity of the proposed scheme is slightly higher than that of the conventional scheme.
In the receiver side, the computational complexity of receiving the signal is the same as the complexity of transmitter side. In addition, complexity increases because of the additional process to detect the preamble by cyclic cross-correlation step (see (9) ). Therefore, the complexity of receiver is higher than that of transmitter. In cyclic crosscorrelation step, the number of multiplication operations depends on the preamble sequence length. The computational complexity increase of the proposed scheme is larger than that of the conventional scheme since the proposed preamble length is larger than the conventional preamble length. However, the major complexity at the receiver is still due to the IFFT part as in the transmitter such that computational complexity increase of the proposed scheme is not significant.
Due to the above reasons, the computational complexity is O(N IFFT log N IFFT ) regardless of the transmitter/receiver and the proposed/conventional scheme. Consequently, we conclude that the proposed scheme achieves a significant latency reduction with slight increase of computational complexity.
VII. CONCLUSION
In this paper, we proposed a 2-way random access scheme, which can replace the current random access and uplink transmission procedure. For the 2-way random access, we propose a new preamble that conveys the special information, i.e., purpose of random access and buffer status of UE. With the information-contained preamble, the number of message exchanges is reduced from four to two, thus resulting in a significant latency reduction. From extensive simulations, 11 Computational complexity represents the number of multiplication operations.
we demonstrate that the network latency and the uplink transmission latency are significantly reduced in various scenarios. We also verify that the proposed scheme outperforms conventional schemes when the burst size and the number of UEs in a cell vary. We further evaluate the network load and the computational complexity. While the computational complexity of the proposed scheme is slightly higher than that of the conventional scheme, the network load of the proposed scheme is reduced by more than a half compared with the other schemes. Consequently, the proposed scheme achieves the significant latency reduction for random access and uplink transmission in small cell environments with slightly increased computational complexity. 
